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Natural recovery of contaminated sediments relies on
burial of contaminated sediments with increasingly clean
sediments over time (i e, natural capping) Natural capping
reduces the risk of resuspension of contaminated surface
sediments, and it reduces the potential for contaminant
transport into the food chain by limiting bioturbation
of contaminated surface or near-surface sediments This
study evaluated the natural recovery of surface sediments
contaminated with polychlormated biphenyls (PCBs) at
the Sangamo-Weston/fwelvemile Creek/Lake Hartwell
Superfund Site (Lake Hartwell), Pickens County, SC The
primary focus was on sediment recovery resulting from natural
capping processes Total PCB (t-PCB), lead-210 (210Pb),
and cesium-137 (137Cs) sediment core profiles were used
to establish vertical t-PCB concentration profiles, age date
sediments, and determine surface sedimentation and
surface sediment recovery rates in 18 cores collected
along 10 transects Four upgradient transects in the
headwaters of Lake Hartwell were impacted by historical
sediment releases from three upgradient sediment
impoundments These transects were characterized by silt/
clay and sand layering The highest PCB concentrations
were associated with silt/clay layers (1 8-3 5% total organic
carbon (TOQ), while sand layers (0 05-0 32% TOC)
contained much lower PCB concentrations The historical
sediment releases resulted in substantial burial of PCB-
contammated sediment in the vicinity of these four cores,
each core contained less than 1 rng/kg t-PCBs in the
surface sand layers Cores collected from six downgradient
Lake Hartwell transects consisted primarily of silt and
clay (091-5 1% TOC) and were less noticeably impacted
by the release of sand from the impoundments Vertical t-PCB
concentration profiles in these cores began with relatively
low PCB concentrations at the sediment—water interface

'Corresponding author phone (614)424-4604.fax (614)424-3667,
e-mail niagarvObatielle org

and increased in concentration with depth until maximum
PCB concentrations were measured at ~30-60 cm
below the sediment-water interface, ca 1960-1980
Maximum t-PCB concentrations were followed by
progressively decreasing concentrations with depth until
the t-PCB concentrations approached the detection limit,
where sediments were likely deposited before the onset of
PCB use at the Sangamo-Weston plant The sediments
containing the maximum PCB concentrations are associated
with the period of maximum PCB release into the
watershed Sedimentation rates averaged 21 ± 1 5
g/(cm2 yr) for 12 of 18 cores collected The 1994 Record
of Decision cleanup requirement is 1 0 mg/kg, two more
goals (0 4 and 0 05 mg/kg t-PCBs) also were identified Average
surface sedimentation requirements to meet the three
goals were 1 4 ± 3 7,11 ± 4 2, and 33 ± 11 cm, respectively
Using the age dating results, the average recovery dates
to meet these goals were 2000 6 ± 2 7, 2007 4 ± 3 5, and
2022 7 ± 11 yr, respectively (The 95% prediction limits
for these values also are provided) Despite the reduction
in surface sediment PCB concentrations, PCB concentra-
tions measured in largemouth bass and hybrid bass filets
continue to exceed the 2 0 mg/kg FDA fish tolerance
level

Introduction
Natural recovery of contaminated sediments relies on two
primary mechanisms burial of contaminated sediments with
clean sediments (i e , natural capping) and transfoimation
or i etnoval of contaminants via contaminant weathei ing (1)
Natural capping reduces the risk of resuspension of con-
taminated surface sediments (2), and it reduces the potential
fot contaminant tiansport into the food chain by limiting
bioturbation and bioaccumulation in surface or near-surface
sediments Natural capping is a relatively slow process that
i elies on the deposition of increasingly lesser-contaminated
sediments This occurs in net depositional environments
where the late of sediment deposition exceeds the rate of
sediment scouring and resuspension (1) However, depo-
sitional environments also are likely lepositones for con-
taminated sediment particles Thus, if source attenuation is
not adequately addressed, the same sediment transport
mechanisms that contribute to surface sediment recovery
may also contribute to ongoing deposition and accumulation
of contaminated particles Therefore, source removal should
be an integral part of the natural recovery process if
depositional environments are to result in reduced surface
sediment concentiations Even after the primary source is
controlled, however, recovery of surface sediments tends to
be giadual due to residual or secondary contaminant soui ces,
sediment transport processes, and benthic mixing (3-5)

The National Risk Management Research Laboiatory
(NRMRL) of theU S Envnonmental Pi election Agency (U S
EPA) is mteiested in developing effective, inexpensive
lemediation technologies for contaminated sediments, in-
cluding natuial recovery This study evaluated the recovery
of suiface sediments contaminated with polychlormated
biphenyls (PCBs) at the Sangamo-Weston/Twelvemile Creek/
Lake Hartwell Superfund Site (Lake Hartwell) in Pickens
County, SC The pnmaiy focus was on the recovery of PCB-
contaminated surface sediments resulting fioin natural
sedimentation
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Site Description
Lake Hartwell is an artificial lake located in northwest South
Carolina, along the Georgia state line It is bordered by
Anderson. Pickens, and Oconee counties in South Carolina
and by Stephens, Franklin, and Hart Counties in Georgia It
was created in 1955 when the U S Army Coi ps of Engineers
(USAGE) constructed Hai twell Dam on the Upper Savannah
River, 11 km from its confluence with the Seneca and Tugaloo
Rivers Lake Hartwell covers nearly 22 660 ha of water with
a shoreline of 1500 km (6) The land surrounding and in
close proximity to Lake Hartwell encompasses rural coun-
tryside, the City of Clemson, numerous small towns, forests,
and agricultural areas

Lake Hartwell sediments were contaminated by PCBs
released from the Sangamo-Weston plant, located ap-
proximately 24 km upstream along Town Creek, a tributary
of Twelvemile Creek that in turn is a tributary of Lake Hartwell
Sangamo-Weston manufactured capacitors from 1955 to 1978
(7) The plant used a variety of dielectnc fluids in its
manufacturing processes, including fluids containing PCBs
Waste disposal practices included land burial of off-
specification capacitors and wastewater tieatment sludge
on the plant site and at six satellite disposal areas An
unspecified amount of PCBs was buried in the satellite
disposal areas PCBs also were discharged with effluent
directly into Town Creek Between 1955 and 1977, the average
quantity of PCBs used by Sangamo-Weston ranged from
700 000 to 2 000 000 Ib/yr An estimated 3% of these PCBs
was discharged into Town Creek, resulting in an estimated
cumulative discharge of over 400 000 Ib of PCBs (7)

PCB use at Sangamo-Weston was terminated in 1977 (7]
Information from the Sangamo-Weston/Twelvemile Creek/
Lake Hartwell Record of Decision (7) and discussions with
Mr Craig Zeller, the US EPA Region 4 Site Remedial Project
Manager (RPM). indicate that the Sangamo-Weston plant
primarily used Aroclors 1016. 1242, and 1254 Remediation
of terrestrial areas and sources has been completed (S)

The U S EPA's cleanup plan for Lake Hartwell lelies on
natural recovery, with emphasis on natural capping by the
continued deposition of increasingly clean sediment entering
the lake Included in the U S EPA's monitoring program are
annual fish tissue and sediment monitoring, adoption of risk-
based consumption guidelines for Lake Hartwell. and a public
education program designed to increase awareness of fish
advisories

Methods

Sediment cores were collected, segmented into 5-cm seg-
ments, and analyzed for 107 PCB congeners, lead-210 (zl°Pb),
and cesium-137 (137Cs) Data were used to establish vertical
total PCB (t-PCB) concentration profiles, age date sediments,
and determine surface sedimentation and surface sediment
recovery rates

Sediment Coring and Sample Collection Sediment cores
were collected during two separate annual events conducted
in the spring of 2000 and 2001 During the 2000 event,
sediment cores were collected from 10 transect locations in
the upper reaches of Lake Hartwell and in Twelvemile Creek,
previously established by U S EPA Region 4 and USAGE under
the site's ongoing annual monitoring program (Figure 1) As
much as possible, sample cores were taken from the deepest
portion (approximately the center) of the lake at each transect
A real-time global positioning system (GPS) was used to
record core locations Cores from transects 0, N. L, J, I, and
T6 were collected in Lake Hartwell using a gravity corer off
a pontoon boat, core lengths were limited by the vertical
depth the gravity corer penetrated the sediment when
dropped from the pontoon at water depths of 6-12 m Guide
vanes on the corer ensured the collection of vertical cores

FIGURE 1. Lake Hartwell transect locations

The cores were collected in 5-cm-diameter Lexan tubes
Shallower water depths of <50 cm made it possible to collect
cores from Transects T16, W7, Q, and Pin Twelvemile Creek
on foot using a conventional sand pounder and 5-cm-
diameter Lexan tubes These core lengths (135-172 cm) were
limited by the ability of the field crew to pound the cores into
the sediment and retract them by hand

During the 2001 sampling event, eight additional sediment
cores were collected at three transect locations, all in Lake
Hartwell Three cores were collected from Transect O, thiee
from Transect L, and two from Transect I These cores were
collected from shore to shore at each transect where possible,
as opposed to along the deepest portion of the lake, to better
understand the historical deposition and dechlonnation of
PCBs nearer the lake shores (Figure 2) During the 2001
sampling event, a pontoon vessel was used as the sampling
platform Sediment cores were collected using a corer
equipped with 7 6-cm-diameter butyrate sleeves and a
mechanical vibrator to drive each core to a minimum depth
of 100 cm

Different core extiusion and segmenting methods were
used for the 2000 and 2001 sampling events During the 2000
sampling event, pai allel cores were drawn from each location
One core was dedicated for PCB analyses and one foi age
dating analyses Sediment samples were extruded vertically
upward through the cores using a piston The water column
was pushed over the top of the core tube and discai ded until
the sediment—water interface reached the top of the tube
Then the sediment cores were extruded in 5-cm increments,
each of which was collected in 8-oz glass sample jars
Beginning each core segmenting process at the sediment-
water interface ensured matching profiles for PCB and age
dating analyses

For the 2001 sampling event, only single cores were
collected at each location, the larger diameter (10 cm) cores
provided sufficient sediment mass for all analyses Cores
were segmented on shore into 5-cm intervals by horizontally
slicing the coies with a fine-blade hacksaw Each 5-cm
segment was divided into three pie segments using a small,
prefabricated pie cutter that divided the segments into
predetermined ratios for off-site analyses

On-site decontamination and cham-of-custody followed
U S EPA-approved quality assurance project plans (QAPPs)
(9, 10) Core locations and sediment segments for the 2000
sampling event are identified by transect as T-T16, T-W7,
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FIGURE 2. 2001 cross-transect coring locations at T-0, T-L, and T-l (Cross sections are based on visual observation and field notes)

T-Q. T-P. T-O. T-N. T-L. T-J, T-I. and T-T6 (Figure 1) For the
2001 sampling event, cross transects within T-O, T-L, and
T-I are labeled T-OA, T-OB, and T-OC, T-LA, T-LB, and T-LC,
and T-IA and T-IB, respectively (Figure 2) Sediment segments
are identified by depth beginning at the sediment-water
interface

Sediment Age Dating Sediment dating was conducted
using 210Pb and '37Cs isotopes, two isotopes i elatively common
in sediments that can be used to determine the age of
sediments over years or decades (11-16) 210Pb and '37Cs
isotopes were analyzed at the Battelle Marine Science
Laboratories (Sequim, WA) in accordance with methods
described previously (17)

Because these two isotopes adsorb to particle sui faces,
their sorbed concentrations in sediment depend on the
sediment paiticle size distribution (PSD), e g . fine-grained
sediment generally contains higher activity than sandy
sediment Thus, the ability to accurately age date sediments
is influenced by the uniformity of the PSD thi ough the dated
vertical profile and the historical consistency of the sedi-
mentation rate over the dated penod When these two
conditions were not met (i e , there had not been a constant
sedimentation rate or gram size was not uniform), the
accuracy of the dating pi ocedure was compromised To the
extent possible, these conditions were confirmed visually
during the initial inspection of the sediment cores and
through PSD, moisture content, and 210Pb vertical concen-
tration profiles in the cores For this study, moisture content
and 210Pb and 137Cs concentrations were determined for all
core segments PSD and total 01 game carbon (TOC) analyses
were conducted on three or more sediment segments per
core for the cores collected in 2000. and on all segments for
those collected in 2001

Sediment PCB Analyses Sediment PCB analyses were
conducted at the Battelle Ocean Science Laboi atones (Dux-
bury, MA) Homogenized sediments (approximately 30-g wet
mass) were extracted and analyzed using modified U S EPA
SW-846 Method 8270 Each sample was spiked with sui i ogate
internal standards (PCB14, PCB34, PCB104, and PCB112)
before extraction to monitor extraction efficiency Congener
concentrations were not surrogate corrected, recoveries
averaged 80 ± 49% for 2000 and 65 ± 16% for 2001, for all
four compounds and all samples (see the Suppoitmg
Information for surrogate recovery details)

The sediment samples were extracted three times using
100 mL of hexane for each extraction, for 12, 4, and 1 h.
respectively After each extraction, samples were centnfuged,
solvent decanted, and concentrated to ~1 mL The hexane

extract was solvent exchanged into methylene chloride and
then processed through a 20-g alumina column (2% deac-
tivated F20) to purify the PCB extract The concentrated
extract was treated with activated granular copper to complex
sulfur, and further purified using high-performance liquid
chromatography/gel permeation chromatography (HPLC/
CPC) to remove coextracted biogenic materials Final extracts
were spiked with appropriate concentrations of recovery
internal standard (PCB36, PCB96, PCB103, and PCB 106) for
low-resolution gas chromatography/mass spectrometry
(GC/MS) analysis

Sediment extracts were analyzed for the concenti ation of
107 PCB congeners using modified Method 8270 (see the
Supporting Information for the list of congeners) The
analytical system was comprised of a Hewlett-Packard (HP)
6890 gas chromatograph, equipped with an electronic
pressure-controlled (EPC) inlet and an HP 5973 MSD
operating in the selected ion monitoring (SIM) mode Five-
point standards ranged from ~0 05 to ~1 ng///L, and samples
were bracketed by analyzing standard checks no less
frequently than every 10 samples and at the completion of
each sample sequence The t-PCB concentration was de-
termined as the sum of the individual PCB congeners

TOC, PSD, and Moisture Content Analyses A total carbon
annlyzei (UIC, Inc , Chicago, IL) was used to determine
sediment TOC in accordance with U S EPA Method 9060-
Total Organic Carbon PSD was performed by Soil Technology
Inc (Bainbudge. WA) according to the American Society for
Testing and Matenals (ASTM) D422 (18) PSD data were
reported as weight percentages of giavel (>4 74-mm diam-
etei),sand (2-0 0625-mm diameter),silt (0 0625-mmto4-«m
diametei), and clay (<4-/<m diameter) PSD analyses for cores
T-J. T-P, T-Q. T-W7, and T-T16 indicated nonumfoim
historical sediment deposition, so these cores could not be
age dated Moisture content was determined gravimetncally
using ASTM Method D2216 (19)

Results and Discussion
Vertical t-PCB Concentration Profiles Vertical sediment
pi ofiles for the site for the 2000 sampling pei lod wei e divided
into two regions The foui most upgradient Transects
(T-T16, T-W7. T-Q. and T-P) resided in Twelvemile Creek at
the headwateis of Lake Hartwell and were impacted sig-
nificantly by historical sediment releases from behind three
upgradientsediment impoundments These impoundments
were used to generate electncity and were flushed periodically
to release sediments into the lake environment Transects

2330 • ENVIRONMENTAL SCIENCE 8. TECHNOLOGY / VOL 38. NO 8, 2004



"̂fO

*J
r

s
o>

p>
o

0-10

20-30

40-50

55-65

77-87

97-107

110-117

•

117-124

128-138

138-148

(a)

]

CO

co

0-10

15-25

^ 30-40

IT 40-50
re

* 55-65
_c

f. 65-75
<D

£ 83-93 H
O
O

93-103

113-123

133-143

(b)

V)

(fi

CO
a>
3
Q.

0 20 40 60 80 100

Concentration (mg/kg dry weight)

0 2 4 6 8 10

Concentration (mg/kg dry weight)

FIGURE 3 Vertical t-PCB concentration profiles for upgradient Transects T-T6 (a) and T-Q (b) Silt/sand layers are shown on the right-hand
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TABLE 1. Surface Sediment t-PCB Concentrations and
Maximum t-PCB Concentrations Measured in Twelvemile
Creek Cores T-T16, T-W7, T-Q, and T-P (Collected in 2000)

core

T16
W7
Q
P

surface sand
layer depth

(cm)

65
91
25
80

t-PCB concn range
in the surface
sand layers of

each upgradient
core (mg/kg)

0014-0090
0024-0977
0 076-0 092
0066-0923

max core t-PCB
concn (mg/kg)
(corresponding

depth (cm))

887 (110-117)
21 7 (94-104)

8 71 (65-75)
138(95-105)

T-O. T-N.T-L. T-J.T-TG, and T-I resided furtherdowngradient
in Lake Hartwell. cores from these transects consisted
primarily of silt/clay and weie less noticeably impacted by
sand releases from the impoundments

Figure 3 shows t-PCB concentrations plotted against core
depth for two of the upgradient cores collected at Transects
T-1G and T-Q In both cores, the highest PCB concentrations
were associated with silt/clay layers, which contained 57 ±
6 9% silt and clay and 2 6 ± 0 86% TOC The sand layers
contained 96 ± 2 9% sand and 0 21 ± 0 08% TOC and had
much lower PCB concentrations Vertical t-PCB profiles for
Transects T-W7 and T-P resembled the profiles for Transects
T-16 and T-Q (see the Supporting Information)

The historical sediment releases resulted in substantial
burial of PCB-contaminated sediment by sand with low t-PCB
concentrations (Table 1). so that each upgradient core
contained less than 1 mg/kg t-PCBs in the surface sand layers,
thus meeting the surface sediment cleanup goal of 1 mg/kg
for Lake Hartwell (7) Much higher PCB concentrations were
buried (Table 1), and the maximum t-PCB concentrations in
these cores ranged from 8 71 to 138 mg/kg

Cores collected in 2000 fi om Transects T-O, T-N. T-L, T-J,
T-T6, and T-I consisted primarily of silt and were not
noticeably impacted by the release of silt and sand from the
impoundments Sediment t-PCB concentrations are plotted
against depth in Figure 4 for all six Lake Hartwell cores, each
figure also shows the 1 0 mg/kg cleanup goal Of these six
downgradient cores, only cores from Transects T-L (Figure

4c) and T-T6 (Figure 4f) fully penetrated the PCB-contam-
mated sediments to provide a complete vertical profile of
PCB contamination For T-L, the vertical t-PCB concentration
profile began with relatively low PCB concentrations at the
sediment-water interface and increased in concentration
with depth until the maximum PCB concentration was
measured at the 35-40-cm interval The maximum t-PCB
concentration was followed by progressively decreasing
concentrations with depth until the t-PCB concentration
approached the detection limit at ~85 cm below the
sediment—water interface, where sediments were likely
deposited at the onset of PCB use at Sangamo-Weston The
sediments containing the maximum PCB concentrations are
associated with the period of maximum PCB release into the
watershed For Transect T-T6, the maximum concentration
occurred at the 15-20-cm depth interval, the shallower depth
may be explained by the observation that Transect T-T6 had
the lowest measured sedimentation rate (see age dating
below) The behavior of the coie T-J profile was inconsistent
with that of the other cores collected in 2000 and cannot
readily be explained, core T-J was represented by relatively
low t-PCB concentrations (~1-1 5 mg/kg) over the entire
30-cm profile

Sediment t-PCB concentrations (mg/kg) are plotted
against depth in Figure 5 for the Lake Hartwell cores col-
lected m 2001 at Transects T-O (Figure 5a-c), T-L (Figure
5d-f). and T-I (Figuie 5g.h) The more aggressive coring
method employed in 200] ensuied that all cores recovered
at least 100 cm. providing more complete concentration
profiles than those obtained from the 2000 cores Core T-OB
also lecovered 100 cm. but was analyzed only to a depth of
65 cm, below which sand levels ranged from 86% to 9396

The highest buried t-PCB concentrations occurred at
Transect L and ranged from 14 1 mg/kg at the 30-35-cm
interval in core T-LA to 66 4 mg/kg at the 30-35-cm interval
incoreT-LC Maximum t-PCB concentrations in the Transect
O cores were less than 16 5 mg/kg The maximum t-PCB
concentrations at Transect I were 19 3 and 25 1 mg/kg and
occurred in the 15-20-and 20—25-cm intervals in cores T-IA
and T-IB, respectively The shallower PCB deposition at
Transect I compared to Transects L and O is consistent with
the fact that the T-I cores had the lowest sediment ac-
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cumulation rates (see age dating below) for the 2001 cores
Theie were two patterns observed in the 2001 cores that

weie not seen in the 2000 cores The first relates to core
T-OB. which had a relatively low maximum t-PCB concen-
tration (8 79 mg/kg, Table 2) compared to the other cores,
and more importantly exhibited an mveited t-PCB concen-
tration profile where the highest t-PCB concentration was
measured near the sediment-water interface and concen-
trations decreased with depth The t-PCB concentration
profile was likely influenced by the unique sand distribution
in this coie, which had an average of 61 ± 21% sand and
5 0 ± 1 9% TOC in the upper 50 cm, and 83 ± 5 8% sand and
0 63 ± 0 69% TOC in the bottom 50 cm Sand contents in
cores T-OA (45 ± 16%) and T-OC (52 ± 20%) also were
relatively high compared to those in the Transect L cores at
T-LA (13 ± 13%). T-LB (20 ± 16%). and T-LC (18 ± 19%), for
T-LA, below 50 cm, sand increased to 77% and t-PCB
concentrations decreased accordingly Average sand contents
in the upper 35 cm of cores T-IA and T-1B (where PCBs were
detected) weie 22 ± 18% and 23 ± 21%, respectively, below
35 cm. sand in core T-IA remained relatively uniform, but
sand in core T-IB increased to 44 ± 20%

Two factors likely influenced the higher sand content in
the Transect 0 cores First, Transect 0 is located furthest
upgradient, closei to the headwaters of Lake Hartwell, and
thus is more significantly influenced by sand released from
the sediment impoundments in Twelvemile Creek Second,

Transect O resides in a relatively narrow channel of Lake
Hartwell where flow velocities would support higher shear
velocities and prefei ential sand deposition Cores T-LA and
T-IA also had relatively high sand levels below ~35—50 cm.
which influenced the distribution of t-PCB concentrations
with time

The second unusual observation in the 2001 cores was
the mtei mittenr t-PCB concentration loading with depth seen
primarily in cores T-OA (Figure 5a), T-OC (Figure 5c), and
T-LC (Figui e 50 The low t-PCB concentrations measured at
the 50-65-cm interval in core T-LC, the 40-45- and 55-
GO-cm intervals in coieT-OA, and the 85-90-cm interval in
core T-OC represent intermittent loadings of relatively clean
sediment, possibly influenced by extei nal circumstances such
as stoim events 01 regional development

Surface sediment concentrations of all 2000 cores ap-
proached the 1 0 mg/kg cleanup goal in the surface 5 cm,
and in the case of Transect T6, the t-PCB concentration was
slightly below 1 0 mg/kg (Table 2) Maximum t-PCB con-
centrations weie measuied around 35-40 cm depth, except
for coies T-I and T-T6, where the maximum values were
observed at 55-60 and 15-20 cm, respectively The lake
widens significantly immediately upgradient of T-T6, com-
pared to the relatively narrow channel that comprises the
other transects, which may have influenced the shallower
deposition in the vicinity of T-T6 This conclusion is
supported by the age dating results, which indicate thatT-T6
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FIGURE 5. Sediment t-PCB concentration (mg/kg) plotted against depth below the sediment-water interface for cores T-LA, T-LB, T-LC,
T-OA, T-OB, T-OC, T-IA, and T-IB collected in 2001. Best-fit logarithmic curves are shown with corresponding equations and correlation
coefficients to estimate surface sediment recovery Solid symbols (•) represent data used to generate the curves. Vertical dashed lines
represent the 1 mg/kg cleanup goal

had the lowest sedimentation rate measured in this study
(see age dating below)

The 2001 surface sediment concentrations were somewhat
higher, on average, than I hose collected in 2000. particulai ly
at Transect O, where suiface concentiations appeared to
plateau in the upper 30 cm in core T-OA (Table 2. Figure 5)
The surface 5-cm t-PCB concentrations averaged 1 37 ± 0 26
mg/kg in 2000 compared to 2 27 ± 1 86 mg/kg in 2001, and
the surface 10-cm t-PCB concentrations averaged 1 67 ±0 63
mg/kg in 2000 compared to 3 07 ± 2 21 mg/kg in 2001 The
higher concentrations in 2001 may be attributed partially to

the proximity of the cores to the shore, where less longitudinal
deposition and lecovery may have occurred or where more
hydrodynamic mixing could have occurred Drought condi-
tions since ~ 1988 also may have influenced nearshoi e surface
sediment mixing and transport by exposing lakeshore and
contaminated surface sediments (observed visually), making
exposed sediments more susceptible to sloughing and runoff,
however, this hypothesis could not be supported by the
existing data

Sediment Age Dating Sediment age dating was conduct-
ing using 210Pb and 137Cs profiles in the sediment cores for
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TABLE 2 Surface Sediment t-PCB and Maximum t-PCB
Concentrations Measured in Lake Hartwell Cores T-0, T-N,
T-L, T-J, T-l, and T-T6 (Collected in 2000) and Lateral
Transect Cores 0-A, O-B, 0-C, L-A, L-B, L-C, I-A, and I-B
(Collected in 2001)

transect
core

O
N
L
J"
lc

T6

O-A
O-B
0-C
L-A
L-B
L-C
I-A
l-B

surface t-PCB
concn
(mg/kg)

0-5 cm 5-10 cm

max core depth interval (cm),
concn' age date corresponding
(mg/kg) to peak t-PCB concn

2000 Transect Cores
1 38
1 50
1 58
1 45
0858
0930

244
659
227
055
1 15
207
1 23
1 86

1 62
1 81
2 12
1 09

2 55

2001
1 85
8 79
1 01
039
1 91
1 78
590
564

31 9
51 1
48 7

44 4
17 4

Transect Cores
164
879

10 1
14 1
41 5
664
193
25 1

35-40, ca 1981
35-40, ca 1958
35-40, ca 1975

55-60, ca 1980
15-20, ca 1960

50-55, ca 1982
10-15
60-65, ca 1977
30-35, ca 1962
50-55, ca 1987
30-35
15-20, ca 1993
20-25, ca 1992

• During 2000, only cores from T-L and T-T6 fully penetrated the
PCB-contammated sediments to show a complete profile of PCS
contamination Therefore, it is uncertain whether the maximum t-PCB
concentrations measured in cores T-O, T-N, T-J, and T-l represent true
maxima " T-J extended only to a depth of 27 cm, where peak t-PCB
concentrations were not apparent 'The surface T-l interval spanned
0-10 cm

the 2000 and 2001 sampling events Cores with PSD analyses
that revealed nonumform historical sediment deposition
could not be dated using the 210Pb data The sediment release
events from the upgiadient impoundments in Twelvemile
Creek created multiple silt/sand layers in the river and lake,
which were most evident in Tiansecls T-T16, T-W7, T-Q,
and T-P (Figure 3). and which made it impossible to age date
these cores The 210Pb profiles also did not support age dating
for the Transect T-J (Figure 4d) and T-LC (Figure 50 cores
Several cores could be dated only in the surface sediments
(Figures 4 and 5) because of nonumform deposition and
silt/sand heterogeneity in deeper sediments A somewhat
unconventional approach was used to age date several of
the 2001 cores where segments with high sand contents
were removed fiom the age dating analysis on the assump-
tion that the high-sand layers were likely caused by short-
term releases, this analysis was supported by calibrating the
210Pb age dating profiles to ca 1955 using 137Cs

The downgradient Lake Hartwell cores thai were age dated
included five coies from 2000 (Figuie 4) and six cores fiom
2001 (FigureS) In 2000, the maximum t-PCB concentrations
appeared ca 1960—1980, between approximately 35 and 55
cm below the sediment-water interface Maximum t-PCB
concentrations at Transect L occurred ca 1975 in core T-L,
1962 in core T-LA, and 1987 in core T-LB In coreT-OA. two
peaks were measured ca 1952 and 1973, and in core T-OC
a peak occuned MO cm pnoi to sediments dated ca 1952
Sedimentation dates that precede 1960 suggest that these
sediments represent the very early formation of the lake,
which was constructed in 1955 Because discharge of PCBs
into the lake began ca 1955, pre-1955 peaks in T-OA and
T-OC may suggest downward porewater migration of PCBs,
or they may be influenced by the relative accuracy of the age
dating process

Transect 0, the most upgradient transect, had the highest
sedimentauon rates, followed by Transect Land then Transect
I (Table 3) At Transect I. the maximum concentration for

TABLE 3. Sedimentation Rates in Cores along the Centerlme
Transect of Lake Hartwell (2000) and along the Banks of
Lake Hartwell at Transects 0, L, and I (2001)

sedimentation rates
in 2000 cores

sedimentation rates
in 2001 cores

transect
core

O
N
L
I
T6
av ± std dev

sedimentation
rate (g/(cm2 yr))

3 4 5
052
077
1 18
023
1 23± 1 29

transect
core

O-A
O-B
O-C
L-A
L-B
I-A
l-B

sedimentation
rate (g/(cm2 yr))

2 46
5 50
2 73
1 05
326
202
2 21

av ± std dev 2 75 ± 1 39

the 2000 cores occurred in the early 1980s (Figure 4e) and
for the 2001 cores in the early 1990s (Figure 5g.h) The
Tiansect I peaks in 2001 were shallower than those at
Transects 0 and L due to the lower sedimentation rate in the
vicinity of Transect I and the longer travel time for sediments
to reach this transect, which is further downgradient from
the headwaters of the lake than Transects L and 0 The lowest
sedimentation rate of 0 23 mg/(cm2 yr) was measuied in
core T-T6. located furthest downgradient in the lake

Surface Sediment Recovery Rates Using the surface
sedimentation i equirements and age dating results, the time
for surface sediment recovery was predicted for each transect
to achieve the cleanup goals stipulated in the ROD These
goals include the 1 0 mg/kg sediment cleanup requirement
and the two more restrictive goals of 0 4 and 0 05 mg/kg
t-PCBs (7) The ROD reported that the 0 4 and 0 05 mg/
kg goals were established on the basis of the National Oceanic
and Atmospheric Administration's effects range-median and
effects range-low published criteria associated with biological
effects on aquatic life

To estimate the rate of surface sediment lecovery, best-
fit logarithmic regressions were fitted to the surface sediment
data (Figures 4 and 5, logarithmic equations and correlation
coefficients are shown with each figure) Best-fit logarithmic
regressions were calculated to determine 95% prediction
intervals for the dates when cleanup goals would be met
Using these equations, sedimentation requirements to
achieve each of the surface sediment cleanup goals were
determined by setting the t-PCB value (i e , the .v-nxis value)
to 1 0. 0 4, or 0 05 mg/kg, respectively (Table 4)

Very little sedimentation was required to achieve the 1 0
mg/kg goal, negative values in Table 4 mean that the
equations used to determine surface sediment concentrations
estimated that the 1 0 mg/kg target concentration had already
been achieved, as was the case for cores T-I, T-T6, T-LA, and
T-OC (Table 2) Average sedimentation requirements to
achieve the 1 0 mg/kg target were higher for the 2000 cores
than for the 2001 coies, however, the 2001 depths weie
influenced by the results of cores T-OC and T-LA, which
achieved the 1 0 mg/kg goal at 20-25 and 15-20 cm below
the sediment-water interface, respectively (Figure 5) T-OC
appeared to rebound above 1 mg/kg in the upper 10 cm, but
this had little impact on the trajectory of the best-fit curve
Excluding cores T-OC and T-LA, the average 2001 sedimen-
tation requirement (1 6 ± 3 8 cm) was closer to the average
2000 value (Table 4, footnote /) As expected, much greater
sedimentation was required to achieve the 0 4 and 0 05 mg/
kg goals Once again, the results for cores T-OC and T LA
influenced the 2001 results significantly, sedimentation
requirements excluding these two cores were compai able to
the depths estimated using the 2000 cores (Table 5. footnote
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TABLE 4. Required Sedimentation To Achieve 1.0 mg/kg,a 0.4 rag/kg,* and 0.05 mg/kgc t-PCB Concentrations in the Upper 5-crn
Surface Sediments46

transect sedimentation required to achieve
core 1 mg/kg t-PCB (cm)

0 2 8 ( 1 4 5 )
N -13(118)
L 31(102)
1 -35 (134 )
T6 1 8 (30 1)
avistddev 0 55 ± 2 9 (160 ± 8 0)

OA -4 4 (23 6)
OC -200(112)
LA -10 7 (-1 1)
LB 1 1 (9 0)
LC 3 3 ( 1 6 2 )
IA 21(156)
IB 5 8 ( 1 7 3 )
av±stddev' -3 4 ± 9 5 (13 1 ± 7 8)

sedimentation required to achieve
0 4 mg/kg t-PCB (cm)

2000 Transect Cores
156(303)

7 8 (23 2)
11 8(199)
10 5 (30 6)

7 9 (44 0)
11 7 ± 3 2 (296 ± 93)

2001 Transect Cores
65 (41 2)

- 5 4 ( 2 9 3 )
-3 9 (14 4)
13 3 (22 0)
10 5 (24 8)
68(231 )

12 3 (263)
5 7 ± 7 6 (25 9 ± 8 2)

sedimentation required to achieve
0 OS mg/kg t-PCB (cm)

44 6 (68 4)
28 6 (51 0)
31 8 (42 5)
42 4 ( 7 2 1)
21 4 (77 4)
33 7 ±97 (62 3± 148)

31 3 (86 8)
29 8 (75 6)
11 7(365)
41 0(523)
2 6 9 ( 4 5 2 )
174(41 7)
27 1 (47 4)
264 ±95 (55 1 ± 188)

• ROD surface sediment cleanup goal (as reported by the U S EPA, 1994) ' Mean value for site-specific sediment quality criteria calculated using
the U S EPA's equilibrium partitioning approach (as reported by the U S EPA, 1994) 'NOAA effects range-low, based on an evaluation of
published criteria associated with biological effects on aquatic life (as reported by the U S EPA, 1994) " Negative values imply that the calculations
estimate the cleanup goal is achieved beneath the existing sediment surface " Values in parentheses are 95% upper prediction levels 'Average
values excluding T-LA and T-OC were 1 6 ± 3 8 cm (1 mg/kg), 9 9 ± 3 1 cm (0 4 mg/kg), and 28 7 ± 8 5 cm (0 05 mg/kg)

TABLE 5 Estimated Dates That the 1.0 mg/kg,a 0.4 mg/kg,b and 0.05 mg/kgc t-PCB Concentration Goals Will Be Achieved''

transect
core

O
N
L
I
T6
av ± std dev

OA
OC
LA
LB
IA
IB
av ± std dev"

estimated dates to achieve
1 mg/kg" t-PCB (cm)

2000 7 (2006 9)
1995 1 (20100)
2001 6(2011 2)
20001 (2011 2)
2008 2 (2042 3)
2001 1 ±4 7 (2016 3 ± 146)

19996(20159)
1992 5 (20100)
19879(20089)
2003 0 (2008 7)
2001 6(2011 8)
2003 0 (2011 8)
1997 9± 63 (2011 2 ± 2 7)

estimated dates to achieve
0 4 mg/kg" t-PCB (cm)

2000 Transect Cores
20067 (2014 5)
2004 9 (2022 4)
20080 (2018 8)
2005 6 (2020 3)
20182(20628)
2008 6 ± 54 (2027 8 ± 198)

2001 Transect Cores
2003 2 (2023 6)
19987 (20193)
19968(2019 5)
2006 5 (20130)
20038(20162)
20058(20168)
2002 5 ±39 (2018 1 ± 3 6)

estimated dales to achieve
0 05 mg/kgc t-PCB (cm)

2020 4 (2033 0)
2027 1 (2052 6)
2022 7 (2036 8)
20179(2042 1)
2041 0(2111 4)
2025 8 ± 11 5 (2055 2 ±291)

2011 4(20440)
20128(2045 4)
20169(2047 6)
2014 3 (2023 1)
2009 0 (2027 4)
20122(20288)
2012 8± 2 7 (20361 ± 108)

• ROD surface sediment cleanup goal (U S EPA, 1994) " Mean value for site-specific sediment quality criteria calculated using the U S EPA's
equilibrium partitioning approach (as reported by the U S EPA, 1994) c NOAA effects range-low, based on an evaluation of published criteria
associated with biological effects on aquatic life (as reported by the U S EPA, 1994) "Values in parentheses are 95% upper prediction levels
• Average values excluding T-LA and T-OC were 2001 8 ± 1 6 (1 mg/kg), 2004 8 ± 1 6 (0 4 mg/kg), and 2011 7 ± 2 2 (0 05 mg/kg)

Best-fit regressions also were used to estimate the time
for surface sediment lecovery at each coring location by
plotting sediment age (y-axis) versus sediment concentration
(*-axis) data Best-fit logarithmic regressions were calculated
to determine 95% prediction limits (Table 5) for time to
recovery (Figure 6 shows coies for Transects T-O and T-L,
for examples) Estimated surface sediment recovery to 1 mg/
kg occurs ca 1995-2003, except for cores T-OC and T-LA foi
which the estimated times occur ca 1981 and 1987, respec-
tively The estimated times for T-OC and T-LA cores to achieve
1 mg/kg are consistent with the estimated sedimentation
requirements discussed previously and shown in Figure 5
and Table 2 and the fact that t-PCB concentrations in both
cores were below 1 mg/kg in the upper 10cm Assuming the
lecovery of surface sediment concentrations continues to
proceed asymptotically toward background, surface sedi-
ments are estimated to reach 0 4 mg/kg by 2020 and 0 05
mg/kg by 2041

Combining the sediment concentration piofiles and age
dating results piovided valuable information pertaining to

the range of time anticipated to achieve surface sediment
concentiation goals Nonetheless, (here is an inheient
challenge in making future predictions based on exti apolation
of past data trends, especially when the predictions are not
based on a mechanistic understanding or verifiable model
of PCB fate processes Foi example, there is no guaiantee
that the PCB fate processes that caused the exponential decay
of surface sediment PCB concentiations since PCB use was
terminated at Sangamo Weston will continue at the same
rate in the future Although the statistical analysis provided
upper 95% prediction limits based on the data trends and
tempeis expectations of future recovery, the reader may
question whether future predictions based on the last 20 yr
of sediment PCB concentration decline are appropriate It
may be possible, for example, that a plateau has been reached
for the concentiation decline, where PCBs resurfacing from
depth through advective transport and sediment mixing
processes are balanced with the dilution of surface sediments
through natural capping by less-contaminated sediments
For these reasons, long-term monitoring must remain an
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FIGURE 6 Sediment t-PCB concentration (mg/kg) plotted against sediment age for cores T-O and T-L collected in 2000. Best-fit logarithmic
curves are shown with corresponding equations and correlation coefficients to estimate surface sediment recovery. Solid symbols (•)
represent data used to generate best-fit curves Similar calculations were conducted for the remaining core profiles for cores T-N, T-l,
T-T6, T-LA, T-LB, T-OA, T-OB, T-IA, and T-IB (Table 5). Vertical dashed lines represent the 1 mg/kg cleanup goal

integral component of the natural recovery remedy for this
site Only through long-term monitoring can we determine
whether the recovery of surface sediments will indeed
continue into the future In addition to establishing expecta-
tions of future surface sediment recovery, this analysis also
may be useful to design a long-term monitoring program to
determine sampling locations, methods, frequency, and
duration

The accuracy of this analysis also depends on the quality
of the data, the thickness of the sediment segments, and the
consistency and predictabi lity of surface sedimentation rates
For this study, cores were extruded into 5-cm intervals
Narrower intervals could have provided more precise results,
but the thickness of the intervals had to be weighed against
the increased sampling and analysis and associated costs
Mechanisms that influence the rate of surface sediment
recovery include sedimentation rates, hydraulic and benthic
mixing of surface sediments, and the ongoing PCB load into
the lake, moi e rapid sedimentation of cleaner sediments will
enhance recovery, while increased benthic mixing will likely
retard recovery The range in the sedimentation rates, surface
sedimentation requirements, prediction limits, and confi-
dence intervals to meet the ROD cleanup goals represent the
variability associated with sediment core profiling and age
dating

Potential for Fish Recovery Surface sediment recovery
relies on the deposition of increasingly lesser contaminated
sediments in net depositional areas At Lake Hartwell.
sediments were impacted historically by the release of PCB-
contammated wastewater and runoff from the former
Sangamo-Weston plant and satellite disposal areas Efforts
to reduce PCB levels entering the lake by removing PCB
sources along with the discontinued use of PCBs since 1978
have largely met with success, as indicated by the historical
recovery of surface sediments (Figures 4 and 5) Over a period
of ~25 yr, a 10-50-fold reduction has been measured in the
sediments, from peak concentrations of 10—66 mg/kg in
buried sediments to approximately 1-3 mg/kg in surface
sediments Determining whether such concentration reduc-
tions are sufficient to protect human and environmental
receptors was outside of the scope of this study, but remains
an important question for the site For natural recovery to
be truly effective for this site, it also will be necessary to
demonstrate the recovery of ecological receptors, especially
fish that are consumed by recreational and subsistence
anglers It is also notable that natural lecovery at Lake
Hartwell relies on the permanence of Haitwell dam Future
removal of Hartwell dam would risk resuspension, release,
and downstream migration of historically-buried, PCB-
contammated sediments

EPA Region 4 has pursued a long-term monitoring
program that includes monitoring largemouth and hybrid
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FIGURE 7 Largemouth bass and hybrid bass fish filet concentra-
tions over time. Fish sampling was conducted by EPA Region 4
between 1995 and 2002, according to procedures described in the
EPA ROD (7). Two of six locations (SV-106 and SV-107) are shown,
due to their proximity to sediment coring locations

bass fish filets (20. 21) (The fish analyses were conducted
outside of this research program and the purview of the
referenced EPA QAPPs (9, Iff) Fish were prepared for analyses
in accordance with the standard FDA filet method and were
analyzed by the EPA SW-846 Method 8082 PCB Aroclor
method (21)) Ten years of monitoring between 1992 and
2002 (Figure 7) suggests that laigemouth and hybrid bass
fish have not measurably responded to the decreased surface
sediment concentrations (I he two stations. 106 and 107. were
in the general vicinity of the sediment conng work (Figure
1)) These results suggest that theie are other mechanisms
at Lake Hai twell. in addition to surface sediment concentra-
tion, that influence fish PCB concentrations Ongoing EPA
studies at Lake Haitwell are investigating these influences
by measuring the potential for advective poiewater PCB
tiansport, short-term (28-day) accumulation in suspended
caged fathead minnows and clams in the water column, PCB
uptake into indigenous biological species at the site (e g ,
phytoplankton, zooplankton, macromvertebrates, and small
resident fish), and PCB volatilization into the atmosphere
EPA Region 4 also maintains a public education program to
heighten local awareness of the presence of PCBs in lake
fish

2336 • ENVIRONMENTAL SCIENCE S. TECHNOLOGY / VOL 38, NO 8. 2004



Acknowledgments
We thank Mi Craig Zeller (U S EPA. Region 4. Athens GA)
for his assistance and access to the Lake Hartwell Superfund
Site throughout this study, and the Battelle Ocean Sciences
Laboratory (Duxbury. MA) staff (especially Greg Durell and
Carole Peven-McCarthy) for their contribution to the PCB
analyses and their exceptional attention to QA/QC This woi k
was supported by the U S EPA NRMRL. Contiact No 68-
C5-0075, Work Assignment 4-30, and Contract No 68-C-
00-159, Task Order 09 All work was conducted in accordance
with a level III. U S EPA/NRMRL approved QAPP (9, 10}
This paper has not been subjected to U S EPA review and,
therefore, does not necessarily reflect the views of the Agency
No official endorsement should be inferred

Supporting Information Available
Tables giving the PCB surrogate recoveries and target PCB
analytes and figures showing the t-PCB vertical concentration
profiles in upgradient cores T16, W7, and P This material is
available free of charge via the Internet at http //pubs acs org

Literature Cited
(1) Magar, V J Environ Eng (Reslan. to; 2001. 127(6), 473-474
(2) Cardenas M . Lick. W Great Lakes Res 1996. 22(3). 669-682
(3) U S Environmental Protection Agency The Incidence and

Severity of Sediment Contamination in Surface Waters of the
United States: EPA-823-R-01-01. 2001, draft

(4) National Research Council Contaminated Sediments in Ports
and Watenvays Cleanup Strategies and Technologies; National
Academy Press Washington DC 1997

(5) National Research Council A Risk Management Strategy for PCB-
Contaminated Sediment?, National Academy Press Washing-
ton, DC, 2001

(6) South Carolina Department of Health and Environmental
Control Public Health Assessment Sangamo/Twelvemile Creek/
Hartwell PCB. Pickens County South Carolina. CERCL1S.
SCD003354412, 1993, htlp //ww\v atsdr cdc gov/HAC/PHA/
sangamo/sanjoc html

(7) US EPA Superfund Record of Decision Sangamo-Weston/
TwelvemileCreek/LakeHarnvellSite Pickens GA OperableUnit
2. EPA/ROD/R04-94/178. 1994

(8) U S EPA South Carolina NPUNPL Caliber Cleanup Site Sum-
maries. 2002, http //www cpa gov/region4/waste/npl/nplsc/
sangamsc htm. updated November

(9) Battelle Level III Quality Assurance Project Plan Natural
Attenuation of Persistent Orgamcs in Contaminated Sediments
at the Sangamo-Weston/ Twelvemile Creek Lake Hartwell
Superfund Site, prepared for the U S EPA NRMRL, Cincinnati,
OH. Contract No 68-C5-0075. QAPP No 1G3-Q2, 2000

(10) Battelle Final Addendum 01 to the Level 111 Quality Assurance
Project Plan, prepared for the U S EPA NRMRL, Cincinnati,
OH, Contract No 68-C-00-159, QAPP No 163-Q4-0 2001

(11) Bloom, N S . Crecelius, E A Mar Chem 1987, 21, 377-390
(12) Crecelius, E A . Bloom. N In Processes in Marine Pollution

Series— Vol 5 Urban Wastes in Coastal Marine Environments,
Wolfe, D A . Ed , Robert Kneger Publishers Malabar FL 1989.
Chapter 14, pp 149-155

(13) Lavelle, J W , Massoth. C J Crecelius E A Sedimentation
Rates in Puget Sound from 2WPb Measurements, NOAA Technical
Memorandum ERL PMEL-61. 1985

(14) Lavelle. J W , Massolh, G J , Crecelius. E A Mar Ceo/ 1986,
72. 59-70

(15) Lefkovitz, L F .Cullman. V 1 . Crecelius, E A Historical Trends
in the Accumulation of Chemicals in the Puget Sound U S
Department of Commerce and National Oceanic and Atmo-
spheric Administration Washington, DC. 1997

(16) Koide.M .Bruland.K W ,Goldberg,E D Geocnim Cosmochmi
Acta 1973, 37. 1171-1187

(17) Brenner. R C , Magar V S , Ickes. J A , Abbott J E , Stout. S
A . Crecelius. E A , Bmgler L S Environ Sci Techno! 2002, 36
(12), 2605-2613

(18) American Society for Testing and Materials Standard Method
for Particle Size Analysis of Soils. Method D422-63, American
Society for Testing and Materials West Conshohocken. PA,
1988

(19) American Society for Testing and Materials Standard Method
for Total Organic Carbon Analysis'. Method D2216, American
Society for Testing and Materials West Conshohocken. PA.
1988

(20) Magar. V S , Ickes. J A , Foote, E A Abbott J E , Brenner R
C Zeller. C Natural Recovery of the Sangamo-Weston/
Twelvemile Creek/Lake Hartwell Superfund Site Dioxin 2003
International Conference. Boston MA. 2003

(21) Schlumberger Limited Lake Hartwell 2002 Fish and Sediment
Study Operable Unit 2. ROD Monitoring Program. Octobei 2002

Received for review October 6. 2003 Revised manuscript
received January 20. 2004 Accepted January 21. 2004

ES030650D

VOL 38, NO 8. 2001 / ENVIRONMENTAL SCIENCE & TECHNOLOGY • 2337


